The existence of DNA triple helices in vitro has been known for some time. Recent evidence suggesting that DNA triplexes exist in vivo and showing their potential for chemotherapeutic applications has renewed interest in these triple-stranded conformations. However, little structural information is currently known about these unusual nucleic acid forms. We have induced and stabilized triple-helical (dA)1h.2(dT)Io with MgCl2 at neutral pH. UV mixing curves demonstrate a 1:2 (dA)Io to (dT)Io stoichiometry at suitable MgCl2 concentrations. Thermal denaturation prorfles establish a melting mechanism characterized by the initial loss of the third strand, followed by dissociation of the remaining duplex. The circular dichroic spectrum of the triplex form is distinct from that of a duplex equimolar in (dA)10. NMR studies show that magnesium-induced triplex formation is accompanied by an upfield shift of several imino proton resonances present before stabilization of the triplex form with MgCl2 and the induction of new upfield imino proton resonances. Nuclear Overhauser effect spectroscopy measurements on both undeuterated and C8-H-deuterated (dA)jo-2(dT)jo triplexes demonstrate dipolar contacts between resolvable imino proteins and both adenine C8-H and C2-H aromatic protons. Hence, MgCl2 stabilizes a triplex structure in which thymine N3-H imino protons are involved in both Watson Crick and Hoogsteen base pairing.
(dA)1h.2(dT)Io with MgCl2 at neutral pH. UV mixing curves demonstrate a 1:2 (dA)Io to (dT)Io stoichiometry at suitable MgCl2 concentrations. Thermal denaturation prorfles establish a melting mechanism characterized by the initial loss of the third strand, followed by dissociation of the remaining duplex. The circular dichroic spectrum of the triplex form is distinct from that of a duplex equimolar in (dA) 10 . NMR studies show that magnesium-induced triplex formation is accompanied by an upfield shift of several imino proton resonances present before stabilization of the triplex form with MgCl2 and the induction of new upfield imino proton resonances. Nuclear Overhauser effect spectroscopy measurements on both undeuterated and C8-H-deuterated (dA)jo-2(dT)jo triplexes demonstrate dipolar contacts between resolvable imino proteins and both adenine C8-H and C2-H aromatic protons. Hence, MgCl2 stabilizes a triplex structure in which thymine N3-H imino protons are involved in both Watson Crick and Hoogsteen base pairing.
Although the triple-helix form of nucleic acids containing homopurine-homopyrimidine sequences has been known for several decades (1) (2) (3) , interest has recently been generated in this structure because of data showing its potential biological significance. The work of Frank-Kamenetskii and coworkers (4) on the H form of DNA has spurred much of this interest. Their structural model explains the S1 nuclease sensitivity observed in plasmids containing (dC-dT)".(dA-dG), se- quences by invoking the formation of triple-helical regions, with a single strand looped out and, hence, susceptible to single-strand-specific endonucleases. In addition, the work of Moser and Dervan (5) and Praseuth et al. (6) on sequencespecific DNA binding and cutting agents based on triple-helix formation has established the potential for therapeutic applications based on this particular nucleic acid form through gene regulation. This potential has been explored in studies on the inhibition of c-myc expression in vitro by triple-helix formation (7) .
Until recently, the only structural information available on the triple helix was derived from polynucleotide fiber diffraction studies (8) (9) (10) . These studies have resulted in a model of the triple helix in which the third strand lies in the major groove of the underlying duplex. The extra strand interacts with the other two by means of Hoogsteen base pairing. In addition, the duplex portion of the structure takes on an A-like conformation, with C3'-endo(3E) sugar pucker.
The third strand can be either homopurine or homopyrimidine, depending on pH and other conditions, although more data are available on systems containing a third pyrimidine strand. In such cases, the third strand is parallel to the purine strand. The question of strand polarity has been addressed further experimentally by both Praseuth et al. (6) and Moser and Dervan (5) . The sequence specificity of triple-helix formation has been studied experimentally by Fresco and coworkers (11) .
NMR studies have been recently reported on both octamer (12, 13) and 11-mer (14) triplexes containing both TOAST and CIGVC+ base triplets and stabilized by low pH and/or MgCl2.
In the work presented below, we describe experiments probing the structure and stability of the Mg2+-induced triplex (dA)1j02(dT)jO at neutral pH. UV mixing curves establish the 1:2 purine-to-pyrimidine stoichiometry, and thermal denaturation profiles show the initial loss of the third strand, followed by dissociation of the duplex form. Circular dichroic spectra of both the duplex and triplex forms of this system are presented, and NMR experiments demonstrate both Watson-Crick (W-C) and Hoogsteen base pairing in the triplex form. (18) . The exciting 900 pulse was replaced by a 133T pulse sequence, with the carrier frequency set at the H20 resonance. A short homospoil pulse was applied at the start of the mixing time to suppress the H2O signal (19) . A mixing time of 250 msec was used along with an interval delay of 80 pLsec and a 3-sec pulse repetition time.
MATERIALS AND METHODS
Temperature was fixed at 12TC. The data sets consisted of 4096 complex points in the t2 dimension stored in alternating blocks with 16 scans for each of the 400 increments in the t1 dimension. All spectra were acquired with a spectral width of 12,048 Hz in both dimensions. The free induction decays (FIDs) were apodized with a 130'-shifted sine-bell function in both dimensions and zero-filled once in each dimension before Fourier transformation. The baselines of the spectra were corrected to a sixth-order polynomial in both w1 and co2 (20, 21) . Processing of the two-dimensional data sets was performed on a Sparc Station 1 (Sun Microsystems, Milpitas, CA) computer.
RESULTS AND DISCUSSION UV Mixing Curves. The stoichiometries associated with the various interactions between (dA)10 and (dT)10 at differing cationic concentrations were determined from UV absorbance mixing curves with the method of continuous variation described in the preceding section. Fig. 1 shows the UV absorbance changes accompanying continuous addition of (dT)10 to a fixed amount of (dA)10 at cationic concentrations of either 100 mM NaCl (Fig. 1A) or 50 mM MgCl2 (Fig. iB) . At 100 mM NaCl, the point of minimum absorbance (maximum hypochromicity) corresponds to an approximate 1:1 molar ratio [47% (dT)10] of (dA)10 to (dT)10 (Fig. LA) . A cationic concentration of 100 mM NaCl is, therefore, only sufficient to allow duplex (dA)10o(dT)lo formation. In contrast, the point of minimum absorbance at 50 mM MgCl2 corresponds to an approximate 1:2 molar ratio [63% (dT)10] of (dA)10 to (dT)10 (Fig. 1B) . Under these cationic conditions, formation and stabilization of triple-helical (dA)1j02(dT)j0 is therefore indicated. Higher NaCl concentrations (e.g., 2.0 M) will also promote triplex formation (data not shown indicate that sufficiently high concentrations of Mg2" (or Na') ions will stabilize the (dA)1j02(dT)jO triplex structure.
Helix-Coil Transitions. Additional evidence that a (dA)10o 2(dT)1o triplex structure is stabilized in solution containing a 1:2 molar ratio of (dA)10:(dT)lo and 50 mM MgCl2 was afforded by thermal denaturation studies. The UV absorption spectra of native and melted duplex (dA)10-(dT)lo at 50 mM MgCl2 share a virtual isosbestic point at 284 nm. In contrast, the UV absorption spectra of triplex (dA)1j02(dT)jO and appropriately normalized duplex (dA)10o(dT)lo plus singlestranded (dT)10, at this same salt concentration, do not share this isosbestic point (data not shown). Thus, melting of the third strand from the underlying duplex is accompanied by a hyperchromic absorbance change at 284 nm, whereas denaturation of the duplex W-C strands is not. Both of these events, however, are accompanied by hyperchromic absorbance changes at 260 nm.
The helix-coil transitions of solutions containing either 1:1 or 1:2 stoichiometric ratios of (dA)10:(dT)lo and 50 mM MgCl2 at both 260 nm and 284 nm are shown in Fig. 2 . At 50 mM MgCl2, the (dA)10:(dT)lo solution has a monophasic helix-coil transition at 260 nm and no observable transition at 284 nm ( Fig. 2A) . Fig. 2C shows the first-derivative plot of the 260-nm transition and confirms its monophasic nature, yielding a tm of 35.4 ± 0.4°C. This transition is therefore associated with denaturation of the duplex (W-C strands) only. In striking contrast, the helix-coil transition of the (dA)10:
2(dT)jo solution is biphasic at 260 nm and monophasic at 284 nm (Fig. 2B) . The biphasic nature of the 260-nm transition is much more evident in the first-derivative plot (Fig. 2D) CD. CD spectroscopy also confirms the presence of a unique structure in a solution containing a 1:2 molar ratio of (dA)lo:(dT)lo and 50 mM MgC12. Fig. 3A compares the CD spectrum of a (dA)10:2(dT)lo solution with an appropriately normalized sum of spectra from (dA)lo:(dT)lo plus (dT)1o solutions at 50 mM MgCl2. The former spectrum exhibits differences relative to the latter, which include a slight amplitude increase and red-shift of the negative band at 248 nm, a substantial amplitude decrease of the positive band at 280 nm, and an amplitude increase and red-shift of the positive band at 259 nm. Imino Proton NMR. The molecular model for triple-helical DNA postulates that one of the two Hoogsteen hydrogen bonds in the T'A-T base triplet involves the thymine N3-H imino proton and the adenine N7 atom (Fig. 4) . Under suitable cationic conditions, a second (dT)10 strand should form these hydrogen bonds with the (dA)10-(dT)lo duplex.
Consequently, formation of these hydrogen bonds would be accompanied by the induction of additional imino proton resonances in the NMR spectrum. Changes in the imino proton spectrum of a solution containing a 1:2 molar ratio of (dA)1o to (dT)10 upon titration with MgCl2 are shown in Fig.   5 . In the absence of MgCl2, the imino proton resonances (ranging from 13.85 to 14.35 ppm) are identical to those of duplex (dA)10o(dT)lo (data not shown), indicating that the second equivalent of (dT)10 exists in single-stranded form under these conditions. These resonances correspond to thymine N3-H imino protons involved in the standard W-C hydrogen bonding of the duplex. The nonexchangeable proton NMR spectra of a (dA)1o: 2(dT)10 sample (at 10 mM MgCl2) and duplex (dA)1o-(dT)jo (at 100 mM NaCl) are quite distinct, with peaks present in the latter spectrum that are completely absent in the former (data not shown). This result shows that no detectable duplex (dA)1j*(dT)jo is present in the (dA)10:2(dT)j0 solution at 10 mM MgCI2. Binding ofthe third strand to the duplex may alter the overall rigidity of the helix and may thus contribute to the observed line broadening of the imino proton resonances upon addition of the MgCl2. Similar line broadening was also observed in the triplexes stabilized at acid pH (12) (13) (14) . Imino Proton-Aromatic Proton NOESY Experiments. Thymine N3-H imino protons involved in standard W-C hydrogen bonding with adenine N1 atoms are known to be dipolar coupled to the nearby adenine C2-H aromatic protons. In the T-A-T base triplet model, the thymine N3-H imino protons involved in Hoogsteen hydrogen bonding with the adenine N7 atoms should be dipolar coupled to the adenine C8-H aromatic protons (see Fig. 4 ). In an effort to demonstrate this dipolar coupling, two-dimensional NOESY experiments were performed on two distinct Mg2+-stabilized (dA)1j*2(dT)jo triple helices (both at 2 mM triplex concentrations), which only differed with respect to protonation or deuteration at the C8 positions oftheir (dA)1o strands. C8-H deuteration of(dA)1o did not alter its ability to form the triplex structure with two equivalents of (dT)10, as evidenced by generation of an identical imino proton resonance pattern to that of the undeuterated triplex (data not shown).
Portions of NOESY spectra (250-msec mixing time) of the undeuterated and C8-H-deuterated (dA)1j*2(dT)j0 triple helices in 10o D20/90% H20 at 12°C are plotted in Fig. 6 . As shown in Fig. 5 These imino resonances show cross-peaks to adenine aromatic protons, some of which are present in the plots of both the undeuterated (Fig. 6A ) and C8-H-deuterated (Fig. 6B) triplexes and others present in only the undeuterated triplex (denoted by arrows in Fig. 6A (Fig. 6A) and the C8-H-deuterated (Fig. 6B ) triplexes. Although spectral overlap in these regions makes it impossible to resolve individual resonances clearly, the overall peak intensity in these regions is smaller for the deuterated sample. This result suggests that both W-C and Hoogsteen base-paired imino protons resonate in the 13.95-to 14.35-ppm region. The chemical shifts of the resolvable imino ThyNH3 protons engaged in either type of base pairing and the adenine aromatic protons to which they are coupled are summarized in Table 1 .
Renewed interest in DNA triple helices has been recently kindled due to suggestions that these structures exist in vivo 
